Palmitoylation is a lipid modification that confers diverse functions to target proteins and is a contributing factor for many neuronal diseases. In this study, we demonstrate using [ 3 H]palmitic acid labeling and acyl-biotinyl exchange that native and expressed dopamine transporters (DATs) are palmitoylated, and using the palmitoyl acyltransferase inhibitor 2-bromopalmitate (2BP), we identify several associated functions. Treatment of rat striatal synaptosomes with 2BP using lower doses or shorter times caused robust inhibition of transport V max that occurred with no losses of DAT protein or changes in DAT surface levels, indicating that acute loss of palmitoylation leads to reduction of transport kinetics. Treatment of synaptosomes or cells with 2BP using higher doses or longer times resulted in DAT protein losses and production of transporter fragments, implicating palmitoylation in regulation of transporter degradation. Site-directed mutagenesis indicated that palmitoylation of rat DAT occurs at Cys-580 at the intracellular end of transmembrane domain 12 and at one or more additional unidentified site(s). Cys-580 mutation also led to production of transporter degradation fragments and to increased phorbol ester-induced down-regulation, further supporting palmitoylation in opposing DAT turnover and in opposing protein kinase C-mediated regulation. These results identify S-palmitoylation as a major regulator of DAT properties that could significantly impact acute and long term dopamine transport capacity.
Palmitoylation is a lipid modification that confers diverse functions to target proteins and is a contributing factor for many neuronal diseases. In this study, we demonstrate using [ 3 H]palmitic acid labeling and acyl-biotinyl exchange that native and expressed dopamine transporters (DATs) are palmitoylated, and using the palmitoyl acyltransferase inhibitor 2-bromopalmitate (2BP), we identify several associated functions. Treatment of rat striatal synaptosomes with 2BP using lower doses or shorter times caused robust inhibition of transport V max that occurred with no losses of DAT protein or changes in DAT surface levels, indicating that acute loss of palmitoylation leads to reduction of transport kinetics. Treatment of synaptosomes or cells with 2BP using higher doses or longer times resulted in DAT protein losses and production of transporter fragments, implicating palmitoylation in regulation of transporter degradation. Site-directed mutagenesis indicated that palmitoylation of rat DAT occurs at Cys-580 at the intracellular end of transmembrane domain 12 and at one or more additional unidentified site(s). Cys-580 mutation also led to production of transporter degradation fragments and to increased phorbol ester-induced down-regulation, further supporting palmitoylation in opposing DAT turnover and in opposing protein kinase C-mediated regulation. These results identify S-palmitoylation as a major regulator of DAT properties that could significantly impact acute and long term dopamine transport capacity.
In the central nervous system, dopamine (DA) 2 controls numerous processes, including motor activity, emotion, and reward; and many diseases, including Parkinson disease, depression, attention deficit hyperactivity disorder, and schizophrenia, are related to abnormalities in dopaminergic function (1) . The plasmalemmal dopamine transporter (DAT) actively transports DA from the extracellular space into the presynaptic neuron, and it is the primary mechanism controlling the concentration and duration of DA in the synapse (2) . This activity is crucial for proper dopaminergic neurotransmission, and transport dysregulation is hypothesized to contribute to dopaminergic disorders (3). DAT is a major target for many abused and therapeutic drugs that inhibit transport or stimulate DA efflux (4, 5) , leading to increased extracellular DA levels that induce psychomotor stimulation and drug addiction, or therapeutically modulate DA levels in mood and psychiatric disorders.
DAT is subject to extensive acute and chronic regulatory processes that modulate DA neurotransmission during momentary physiological demands and long term disease and drug addiction states (6, 7) , but the mechanisms remain poorly understood. In model cell systems, regulation of transporter surface levels has been established as an element of acute control, as DAT surface levels are modulated by constitutive and regulated DAT endocytosis and membrane recycling (8 -11) . Activation of protein kinase C (PKC) stimulates endocytosis of transporters through early and late endosomes (9, (12) (13) (14) and ultimately into lysosomes where they are degraded (13, 15, 16) . Several DAT N-and C-terminal domain motifs impact constitutive and regulated endocytosis and/or degradation (17) (18) (19) , although the exact mechanisms of these processes are not yet known. DAT lateral membrane mobility, transport activity, and PKC-dependent down-regulation are also impacted through incompletely understood mechanisms that involve cholesterol (20, 21) .
In the course of our DA transport regulation studies, we discovered that DAT undergoes S-palmitoylation, a posttranslational modification in which C16-saturated palmitic acid is added via a thioester linkage to cysteine (22) . Palmitoylation is reversible and dynamic, with addition and removal rapidly catalyzed by palmitoyl acyltransferases (PATs) and palmitoyl-protein thioesterases (PPTs), respectively. These modifications confer the ability of target proteins to respond to regulatory signals in a manner analogous to phosphorylation/dephosphorylation (22) . S-Palmitoylation is known to control multiple functions of integral membrane proteins, including catalytic activity, trafficking, subcellular targeting, and turnover (23) (24) (25) . In this study, we show that palmitoylation strongly influences DAT transport kinetics, degradation, and PKC-stimulated down-regulation, demonstrating the presence of previously unknown layers of control over the transporter and indicating the potential for this modification to be of prime importance in acute and long term regulation of DA neurotransmission.
EXPERIMENTAL PROCEDURES
Materials- [7,8- 3 H]DA (45 Ci/mmol), L-[2,3-3 H]alanine (54 Ci/mmol), and high range Rainbow molecular mass standards were from GE Healthcare; [9,10- 3 H]palmitic acid (73.4 Ci/mmol) and [9,10- 3 H]myristic acid (60 Ci/mmol) were from Moravek; DA was from Research Biochemicals International; PMA was from Calbiochem; (Ϫ)-cocaine, Colorburst molecular mass standards, antibodies for tyrosine hydroxylase, ␣-tubulin, and polyhistidine, and other fine chemicals were from Sigma; FuGENE 6 transfection reagent and Complete Mini protease inhibitor tablets were from Roche Applied Bioscience; MMTS, (N-(6-(biotinamido)hexyl)-3Ј-(2Ј-pyridyldithio)-propionamide, sulfo-NHS-SS-biotin, high capacity NeutrAvidin-agarose resin, and bicinchoninic acid protein assay reagent were from Thermo Scientific; and DiBAC 4 (3) was from Invitrogen. [ 125 I]RTI 82 was synthesized and radioiodinated as described previously (26) . Rats were purchased from Charles River Laboratories, and SV129 mice were obtained from Dr. Eric Murphy, University of North Dakota. All animals were housed and treated in accordance with regulations established by the National Institutes of Health and approved by the University of North Dakota Institutional Animal Care and Use Committee.
Synaptosome Preparation-Male Sprague-Dawley rats (175-300 g) were decapitated, and striata were rapidly dissected, weighed, and placed in ice-cold sucrose phosphate (SP; 0.32 M sucrose and 10 mM sodium phosphate, pH 7.4) buffer. Tissue was homogenized in ice-cold SP buffer with 15 strokes in a glass/Teflon homogenizer and centrifuged at 3000 ϫ g for 3 min at 4°C, and the supernatant fraction was re-centrifuged at 17,000 ϫ g for 12 min. The resulting P2 synaptosomal pellet was resuspended to 20 mg/ml original wet weight in ice-cold SP buffer and used for all synaptosomal studies except surface biotinylation analyses, which used purified synaptosomes (described below). Striatal synaptosomes from male SV129 mice were prepared using the same procedure.
Cell Culture and Mutagenesis-Lewis lung carcinoma-porcine kidney (LLC-PK 1 ) cells or LLC-PK 1 cells stably expressing the WT or mutant rat (r) dopamine transporter (rDAT-LLCPK 1 ) (27) were maintained in ␣-minimum essential medium (AMEM) supplemented with 5% fetal bovine serum, 2 mM L-glutamine, 200 g/ml G418, and 100 g/ml penicillin/ streptomycin in a humidified incubation chamber gassed with 5% CO 2 at 37°C. Mutant constructs with Cys residues 6, 135, 341, 522, and 580 changed to alanine were produced from the WT DAT cDNA using the Stratagene QuikChange kit, with codon substitution verified by sequencing (Alpha Biolabs; Northwoods DNA). For production of stable transformants, LLC-PK 1 cells were grown to ϳ50% confluency and transfected using FuGENE transfection reagent and 0.5 g of the mutant rDAT pcDNA 3.0 plasmid. Transformants were selected 24 -48 h later by the addition of 800 g/ml geneticin (G418) to the cell culture medium. His 6 -hDAT HEK293 cells were maintained as described previously (28) .
Metabolic Labeling of DAT with [ 3 H]Palmitate-P2 rat striatal synaptosomes were metabolically labeled with [9, H]palmitic acid (2 mCi/ml) for 90 min at 30°C in HEPESbuffered DMEM. Cultured cells expressing WT or mutant DATs were metabolically labeled with [9,10- 3 H]palmitic acid (0.5 mCi/ml) for 1-18 h at 37°C in AMEM, which contained 1 mM sodium pyruvate to inhibit palmitate metabolism through fatty acid ␤-oxidation (29) . For PAT inhibitor studies, labeling was performed in the presence of 1-15 M 2-bromopalmitate (2BP) prepared in dimethyl sulfoxide (DMSO). After labeling, synaptosomes or cells were washed with SP buffer or phosphate-buffered saline, respectively, and lysed in radioimmunoprecipitation assay buffer (RIPA: 10 mM sodium phosphate, 150 mM NaCl, 2 mM EDTA, 50 mM sodium fluoride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, pH 7.2).
Analysis of Palmitoylation by Acyl-Biotinyl Exchange-DAT palmitoylation was also assessed by acyl-biotinyl exchange (30, 31) using a method modified from Wan et al. (32) . Briefly, synaptosomes were treated with vehicle or 2BP followed by centrifugation at 20,000 ϫ g for 12 min at 4°C. Synaptosomal pellets were solubilized in lysis buffer (50 mM HEPES, pH 7.0, 2% SDS, 1 mM EDTA) containing Mini Complete protease inhibitor and 20 mM MMTS to block free thiols. Lysates were incubated at ambient temperature for 1 h with mixing followed by acetone precipitation and resuspension in lysis buffer containing MMTS and incubation at ambient temperature overnight with end-over-end mixing. Excess MMTS was removed by three sequential acetone precipitations followed by resuspension of the precipitated proteins in 300 l of a buffer containing 4% (w/v) SDS (4SB: 4% SDS, 50 mM Tris, 5 mM EDTA, pH 7.4). Each sample was divided into two equal portions (150 l) that were treated for 2 h at ambient temperature with 50 mM Tris-HCl, pH 7.4, as control or 0.7 M hydroxylamine (NH 2 OH), pH 7.4, to cleave the thioester bonds. NH 2 OH was removed by three sequential acetone precipitations followed by resuspension of the precipitated proteins in 240 l of 4SB buffer followed by dilution with 900 l of 50 mM Tris-HCl, pH 7.4, containing 0.4 mM sulfhydrylreactive (N-(6-(biotinamido)hexyl)-3Ј-(2Ј-pyridyldithio)-propionamide and incubation at ambient temperature for 1 h with end-over-end mixing. Unreacted (N-(6-(biotinamido)hexyl)-3Ј-(2Ј-pyridyldithio)-propionamide was removed by three sequential acetone precipitations followed by resuspension of the final pellet in 75 l of lysis buffer without MMTS. Samples were diluted (1:20) with 50 mM Tris-HCl, pH 7.4, to contain 0.1% SDS, and biotinylated proteins in samples were affinity-purified using Neutravidin resin. Proteins were eluted with sample buffer (60 mM Tris, pH 6.8, 2% SDS, 10% glycerol) containing 100 mM dithiothreitol and 3% ␤-mercaptoethanol and subjected to SDS-PAGE and immunoblotting using anti-rat DAT monoclonal Ab16 (mAb16) (33) .
Immunoprecipitation, Electrophoresis, and AutoradiographyLysates of [ 3 H]palmitate-labeled tissue or cells were immunoblotted with mAb16 to determine DAT levels (33) , and vol-umes containing equal amounts of DAT (verified by second immunoblot) were immunoprecipitated with polyclonal Ab16 generated against rDAT N-terminal amino acids 42-59 (34) . Precipitated DATs were resolved on 4 -20% SDS-polyacrylamide gels using Rainbow molecular mass markers as standards, and gels were treated with Fluoro-Hance (Research Products International) fluorographic reagent for 30 min, dried, and exposed to x-ray film for 7-60 days. H]alanine were 10 nM, and nonspecific uptake was determined by addition of 100 M (Ϫ)-cocaine or 1 mM serine, respectively. For saturation analysis, synaptosomes were treated with vehicle or 5 M 2BP prepared in DMSO for 45 min at 30°C and assayed for DA uptake with unlabeled DA varying from 30 nM to 1 M. For time course and PMA additivity studies, synaptosomes were treated with vehicle or 5 M 2BP for the indicted times or by vehicle or 1 M PMA for 30 min followed by [ 3 H]DA transport assay. Uptake assays were performed in triplicate and were initiated by addition of synaptosomes to the reaction tube followed by incubation for 5 min at 30°C. Uptake was stopped by addition of 5 ml of ice-cold SP buffer followed by immediate filtration using a Brandel tissue harvester through a Whatman GF/B filter soaked for 1 h in 0.1% BSA. Radioactivity retained on filters was assessed by liquid scintillation counting.
WT or C580A rDAT-LLCPK 1 cells grown in 24-well plates were treated with vehicle or 15 M 2BP in AMEM for 18 h at 37°C. Cells were rinsed twice with 0.5 ml of Krebs-Ringer/ HEPES buffer (KRH: 25 mM HEPES, 125 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.2 mM MgSO 4 , 5.6 mM glucose, pH 7.4) followed by uptake assay. For PKC experiments, cells were incubated at 37°C for 30 min with vehicle or 1 M PMA followed by [ 3 H]DA transport assay. Uptake was performed in triplicate and initiated by addition of 10 nM [ 3 H]DA plus 3 M DA except for saturation analyses where unlabeled DA varied from 0.3 to 30 M. Nonspecific uptake was determined in the presence of 100 M (Ϫ)-cocaine. Uptake was allowed to proceed for 8 min, and cells were rapidly washed three times with ice-cold KRH. Cells were then solubilized in 1% Triton X-100, and radioactivity contained in lysates was assessed by liquid scintillation counting.
Synaptosomal Surface Biotinylation-For surface biotinylation studies, purified synaptosomes were isolated using the discontinuous Percoll gradient method of Dunkley et al. (36) . The P2 crude synaptosomal pellet prepared as described above was resuspended in 2 ml of SP buffer and layered on top of a discontinuous gradient containing 2-ml layers of 3, 10, 15, and 23% Percoll in SP buffer. Gradients were centrifuged at 31,000 ϫ g for 7 min at 4°C in a Beckman JA-25 rotor, and purified synaptosomes were recovered from the 15-23% interface. Synaptosomes were washed by addition of 20 volumes of SP buffer followed by centrifugation at 17,000 ϫ g for 12 min and resuspension of the pellet in 3.6 ml of SP buffer. Purified synaptosomes were treated with vehicle, 1 M PMA, or 10 M 2BP at 30°C for 30 min, and aliquots were assayed for [ 3 H]DA transport activity or were transferred to an ice bath and incubated at 4°C for 25 min with the membrane-impermeable biotinylating reagent sulfo-NHS-SS-biotin (1.5 mg/ml). Biotinylated synaptosomes were centrifuged at 17,000 ϫ g for 12 min at 4°C, resuspended in SP buffer, and given a second incubation with sulfo-NHS-SS-biotin (1.5 mg/ ml). Synaptosomes were centrifuged at 17,000 ϫ g for 12 min at 4°C, resuspended in SP buffer containing 100 mM glycine, pH 7.4, for 30 min at 4°C, recentrifuged at 17,000 ϫ g for 12 min at 4°C, and solubilized with 300 l of RIPA buffer. Biotinylated DATs were isolated by NeutrAvidin-Sepharose chromatography, separated by SDS-PAGE, and quantified by immunoblotting with mAb16 as described previously (21) . Total lysate and biotinylated fractions were immunoblotted for the cytoplasmic enzyme tyrosine hydroxylase as a control for dopaminergic membrane integrity. 125 I]RTI 82-labeled DAT was observed at the DAT monomeric mass of ϳ100 kDa (Fig. 1A) , and it was not seen in samples precipitated with preimmune serum or from LLCPK 1 cells, verifying its identity as DAT. Analogous studies were performed with native DAT by labeling rat striatal synaptosomes with 40 M [ 3 H]palmitic acid for 90 min. Again we obtained an ϳ100-kDa band that precipitated with immune but not preimmune DAT antiserum (Fig. 1B) . To characterize the nature of the radioactive label, we treated the precipitated protein with hydroxylamine (NH 2 OH), which chemically cleaves fatty acylated thioester bonds (38) . This released Ͼ80% of the radiolabel from both expressed and native DATs (Fig. 1, A and B (Fig. 1D ), verifying palmitoylation of these species homologs.
RESULTS

Identification of DAT Palmitoylation-LLCPK
To evaluate further the nature of the modification, we treated cells with 2BP, which irreversibly inhibits all PAT enzymes and is widely used to analyze palmitoylation functions (39) . Treatment of rDAT-LLCPK 1 cells and hDAT-HEK 293 cells with 15 M 2BP inhibited [ 3 H]palmitate labeling of both forms of DAT by Ͼ80% (Fig. 2A) . We also found that rat striatal DAT was not labeled with the C14-saturated lipid (Fig. 2B ) demonstrating the specificity of labeling. Because of the limitations imposed by the short [ 3 H]palmitate labeling times possible in rat striatal synaptosomes, we assessed 2BP effects on striatal DAT palmitoylation using the acyl-biotinyl exchange method (30 -32) , in which endogenous acyl thioesters are removed by NH 2 OH and replaced in vitro with a sulfhydryl-specific biotinylating reagent. Using this method, we found that treatment of synaptosomes with 5 M 2BP for 45 min decreased the DAT palmitoylation level to 64 Ϯ 3% of control (p Ͻ 0.001 by ANOVA with Dunnett's post test, n ϭ 3) (Fig. 2C) . Control samples pretreated with Tris displayed negligible incorporation of the sulfhydryl reagent, demonstrating the specificity of labeling for sites modified in vivo and immunoblotting showed that DAT levels were not changed by the 2BP treatment (Fig. 2D) . Together, these results demonstrate that 2BP suppresses palmitoylation of both native and heterologously expressed DATs.
2BP Effects on Rat Striatal DAT-The effective inhibition of DAT palmitoylation with 2BP allowed us to use this treatment to investigate the impact of acute modulation of palmitoylation on transporter functions. For studies in brain tissue, we treated rat striatal synaptosomes with 2BP, using vehicle or equal concentrations of palmitate (Pal) as negative controls (Fig. 3) . Neither total protein (data not shown) nor ␣-tubulin immunoreactivity (Fig. 3B) was affected by the treatments, indicating that these conditions do not cause obvious toxicity. (Fig. 3B) showed that DAT levels were not changed by any of the Pal treatments or by 1 or 5 M 2BP but were reduced to 76 Ϯ 4% of control by 10 M 2BP (p Ͻ 0.05 relative to vehicle). Thus, the ϳ50% transport reduction caused by 5 M 2BP occurred with no detectable loss of DAT protein, and the ϳ70% DA transport reduction caused by 10 M 2BP was accompanied by an ϳ25% loss of DAT protein. These results indicate that acute suppression of DAT palmitoylation by lower concentrations of 2BP (5 M) leads to a reduction in DA transport capacity that occurs without changes in transporter levels, whereas higher concentrations of 2BP (10 M) induce a loss of DAT protein that correlates with further transport reductions.
To determine whether the reduction in DA transport activity induced by 2BP could be caused by effects on electrochemical gradients needed to drive transport, aliquots of the synaptosomes used in three of the DA transport analyses in Fig. 3A were assayed in parallel for Na ϩ -dependent [ 3 H]alanine up- take (40) . Alanine transport was not statistically different from vehicle or palmitate controls at any of the 2BP concentrations (Fig. 3C) , demonstrating that the treatment did not induce global effects capable of reducing Na ϩ -dependent solute transport. We also examined the electrochemical potential of synaptosomes using the anionic lipophilic dye DiBAC 4 (3), which undergoes increased fluorescence with membrane depolarization (41, 42) . Synaptosomes treated with vehicle or 2BP were incubated with DiBAC 4 (3), and fluorescence was measured as described previously (33) . Base-line DiBAC 4 (3) fluorescence of synaptosomes was not affected by treatment with 10 M 2BP for 30, 60, or 90 min, and all control and treated synaptosomes showed equal fluorescence increases with K ϩ -induced depolarization (data not shown), further supporting a lack of 2BP effect on electrochemical gradients needed to drive transport.
The time course of 2BP effects on uptake in rat striatal synaptosomes is shown in Fig. 4A . Treatment of synaptosomes with 5 M 2BP caused no significant effect on transport activity during the first 10 or 20 min of treatment (97 Ϯ 5 and 87 Ϯ 3% of control, respectively), indicating that 2BP is not a direct DA uptake inhibitor. Cocaine inhibition of uptake in synaptosomes was also unaffected by 2BP (data not shown) further supporting a lack of direct effect on transporter active sites. By 30, 45, and 60 min of treatment, transport was reduced to 71 Ϯ 5, 55 Ϯ 1, and 45 Ϯ 9 of control (p Ͻ 0.05 and p Ͻ 0.001), with no differences in DAT protein levels between control and 2BP samples at any time point (data not shown). This time course is consistent with that of 2BP inhibition of DAT palmitoylation (Fig. 2C) and with the time dependence of PAT inhibition by 2BP (39) . Saturation analysis of synaptosomes treated with 5 M 2BP for 45 min (Fig. 4B) showed that V max was significantly reduced relative to control (7.2 Ϯ 1.7 versus 16.0 Ϯ 0.5 pmol/min/mg, p Ͻ 0.05), whereas the K m value for DA was not affected (50.3 Ϯ 16.4 versus 47.5 Ϯ 1.6 nM, p Ͼ 0.05). Immunoblotting confirmed no loss of DAT protein by the treatment (2BP samples 96 Ϯ 6% of control, p Ͼ 0.05).
To probe the mechanism of 2BP-induced transport reduction in synaptosomes, we performed surface biotinylation analysis. In initial studies, we used P2 synaptosomes for these experiments but found that the negative biotinylation control (the cytosolic enzyme tyrosine hydroxylase) for assessment of membrane integrity consistently showed strongly positive biotinylation signals. Therefore, for this analysis, we found it necessary to use Percoll gradient-purified synaptosomes, which produced valid negative biotinylation control results. The synaptosomes were treated for 30 min with vehicle, 7.5 M 2BP, or 1 M PMA, and aliquots were assayed for [ 3 H]DA transport or subjected to surface biotinylation analysis. In three independent experiments performed in triplicate (Fig.  5A) , we found that DA transport activity was reduced to 73 Ϯ 2% of control by PMA and to 33 Ϯ 12% of control by 2BP (both p Ͻ 0.001). Total DAT values were not changed with PMA and were slightly reduced with 2BP treatment (80 Ϯ 3% of control, p Ͻ 0.01) (Fig. 5B) . Thus, compared with the P2 synaptosomes used in other experiments, the purified synaptosomes showed slightly increased sensitivity to 2BP-induced transport down-regulation and DAT protein losses. Quantification of biotinylated forms for each treatment showed surface levels of DAT were not different from control levels when normalized for total transporter protein (PMA, 102 Ϯ 9% of control; 2BP, 111 Ϯ 5% of control, both p Ͼ 0.05) (Fig.  5C) , with 12.3 Ϯ 2.1% of transporters in control synaptosomes biotinylated. The integrity of the synaptosome plasma membranes to the biotinylating reagent was demonstrated by immunoblotting of the dopaminergic cytosolic enzyme tyrosine hydroxylase, which showed strong staining in total samples (Fig. 5B ) and negligible staining (Ͻ3% of total) in biotinylated fractions (Fig. 5C ). These results indicate that the reductions of transport activity induced by PMA and 2BP beyond that consistent with transporter loss are not accompanied by reduced DAT plasma membrane levels, supporting an alteration of transport kinetic processes as the mechanism of transport reduction for both conditions.
Mutation of the DAT Palmitoylation Site-To determine which residue(s) of rDAT are palmitoylated, we made Cys 3 Ala mutations of all intracellularly oriented cysteines (Cys-6, Cys-135, Cys-341, Cys-522, and Cys-580) (Fig. 6A) 3 H]palmitate band intensities normalized to DAT protein showed palmitoylation levels of 100 Ϯ 11% for WT DAT, 133 Ϯ 4% for C6A DAT, 85 Ϯ 35% for C135A DAT, 192 Ϯ 44% for C341A DAT, and 85 Ϯ 40% for C522A DAT, none of which were statistically different from WT DAT, whereas labeling of C580A DAT was reduced to 41 Ϯ 11% of the WT DAT level (p Ͻ 0.05) (Fig.  6C) . The [ 3 H]palmitate signal remaining on C580A DAT was specific as determined by comparison of samples precipitated with immune and preimmune serum (Fig. 6B, lower panel) , demonstrating the presence of significant levels of palmitoylation on one or more additional currently unknown site(s).
We examined several properties of C580A and other DAT Cys 3 Ala mutants to determine the effects of loss of palmitoylation. All forms expressed fully mature glycosylated protein, and the ratios of mature and nonglycosylated immature forms were not different from the WT transporter (Fig. 6B,  middle panel) , indicating that the mutations did not prevent progress through the biosynthetic pathway. Little to no [ 3 H]palmitate labeling could be seen in the immature forms, although the low levels of these forms in conjunction with the low signal strength of the radiolabel makes this assessment difficult. All Cys 3 Ala mutants possessed cocaine-displaceable [ 3 H]DA transport activity that was roughly proportional to their overall expression level (data not shown), and surface biotinylation analysis showed no differences in steady-state fraction of WT and C580A DATs at the plasma membrane when normalized to total transporter levels (C580A DAT surface level 98 Ϯ 4% of WT DAT surface level, p Ͼ 0.05, n ϭ 3). Saturation analysis showed no difference in DA K m values for C580A and WT DATs (1.5 Ϯ 0.2 and 1.4 Ϯ 0.2 M, respectively, p Ͼ 0.05, n ϭ 3), whereas C580A DAT V max was lower than of WT DAT (256 Ϯ 13 versus 642 Ϯ 22 pmol/min/mg, respectively, p Ͻ 0.05, n ϭ 3) in rough proportion to transporter levels determined by immunoblotting (C580A DAT levels 32 Ϯ 4% of WT DAT). Potencies for cocaine inhibition of [ 3 H]DA transport were not different between C580A and WT DATs (IC 50 , 1.1 Ϯ 0.1 and 1.1 Ϯ 0.2 M, respectively, p Ͼ 0.05, n ϭ 3). These results indicate that C580A mutation does not significantly affect DAT steady-state surface levels or transport kinetic parameters.
2BP Effects on Heterologously Expressed DAT-2BP also caused pronounced effects on DATs expressed heterologously in LLC-PK 1 cells, although significant differences from synaptosome results were seen. Dose and time course studies in these cells showed that transport inhibition required higher doses of 2BP (15-25 M) and longer treatment times (2-18 h) than needed for synaptosomes, with only 5-10% transport reductions seen by 1-2 h of treatment (data not shown). Treatment of rDAT-LLCPK 1 cells with 15 M 2BP for 18 h (Fig. 7A ) led to reduction of both DA transport activity (78 Ϯ 4% of control, p Ͻ 0.001) and DAT protein (52 Ϯ 3% of control, p Ͻ 0.001). A similar pattern was seen in hDAT-HEK293 cells (data not shown), indicating that human DATs also respond to these treatments. Neither total protein nor ␣-tubulin immunoreactivity was affected by these treatments (data not shown), indicating that DAT protein losses did not occur due to global effects on protein stability. Saturation analysis (Fig. 7B) showed that 2BP-induced transport reductions occurred via reduced V max (2BP, 1571 Ϯ 106 pmol/min/mg; control, 1950 Ϯ 79 pmol/min/mg; p Ͻ 0.05), with no effect on K m values (2BP, 1.9 Ϯ 0.3 M; control 2.4 Ϯ 0.5 M; p Ͼ 0.05), with immunoblotting verifying reduction of DAT levels to 69 Ϯ 13% of control (p Ͻ 0.05). Thus, in rDAT-LLCPK 1 cells, the rapid component of 2BP-induced down-regulation seen in synaptosomes that occurred with no loss of DAT protein was not strongly present, and the magnitude of DAT protein loss was sufficient to explain the reduction of transport activity.
Inhibition of Palmitoylation Increases DAT DegradationThe 2BP-induced reduction of DAT protein at higher doses and/or longer treatment times in both synaptosomes and cells suggests that extensive suppression of DAT palmitoylation enhances transporter degradation. Consistent with this idea, we found that Western blots of C580A rDAT-LLCPK 1 cell lysates frequently contained multiple low molecular weight mAb16-immunoreactive peptides (Fig. 8A ) that are likely to represent DAT degradation products, as their masses (15-30 kDa) are considerably lower than that of nascent DAT, which migrates at ϳ60 kDa. These fragments were not seen in lysates from WT or C522A DAT cells (Fig. 8A) or from cells expressing C135A, C242A, or C341A DATs (data not shown), supporting their origination from C580A DAT. Treatment of C580A rDAT-LLCPK 1 cells with 2BP dramatically increased the level of these fragments in conjunction with pronounced loss of full-length DAT (Fig. 8B, left) , consistent with a precursor-product relationship. Preabsorption of mAb16 with its immunogenic peptide completely blocked staining of mature and immature full-length DAT protein and all low molecular weight bands (Fig. 8B, right panel) , demonstrating the specificity of fragment immunoreactivity.
Because PKC has been shown in multiple studies to increase the rate of DAT degradation (13, 16, 18) , we investigated the potential interaction between palmitoylation-related and PKC-stimulated DAT degradation. For these experiments, WT and C580A rDAT-LLCPK 1 cells were treated with vehicle or 15 M 2BP for 18 h, with vehicle or PMA added for the final 30 min, and DATs were analyzed by immunoblotting (Fig. 9A) , normalizing WT and C580A sets to contain equivalent levels of control DAT protein. Quantification of full-length mature DAT for each treatment relative to its control is shown in Fig. 9B . In cells treated with 2BP, WT DAT protein was reduced to 52 Ϯ 3% of control (p Ͻ 0.001), whereas C580A DAT protein was reduced to 30 Ϯ 5% of control (p Ͻ 0.001). The reduction of C580A DAT protein by 2BP was significantly greater than that of the WT protein (p Ͻ 0.001 relative to WT 2BP treatment level), and it was accompanied by marked increases in production of degradation fragments (Fig. 9A, right two lanes) , indicating that Cys-580 mutagenesis and 2BP together impact DAT degradation more strongly than each condition separately. In addition, whereas PMA alone had no detectable effect on WT DAT levels or appearance of fragments under either control or 2BP conditions (Fig. 9, A and B) , it caused a statistically significant decrease of full-length C580A DAT protein (83 Ϯ 6% of control, p Ͻ 0.05), indicating that C580A DATs possess increased sensitivity to PKC-stimulated degradation.
Effects of Palmitoylation on DAT Regulation by PKC-We also determined the effects of 2BP on PKC-dependent regulation of DA transport activity in rat striatal synaptosomes and in WT and C580A rDAT-LLCPK 1 cells (Fig. 10) . For striatal tissue experiments (Fig. 10A) , synaptosomes were treated with 1 M PMA or 5 M 2BP separately or together for 30 min prior to transport assay. Western blotting showed no changes in DAT protein for any condition (data not shown). DA transport activity was reduced to 69 Ϯ 2% of control by PMA (p Ͻ 0.001), to 65 Ϯ 4% of control by 2BP (p Ͻ 0.001), and to 47 Ϯ 3% of control by combined PMA and 2BP treatments (p Ͻ 0.001 relative to control; p Ͻ 0.001 or p Ͻ 0.01 relative to individual treatments), demonstrating additivity of PMA and 2BP effects.
For analysis of combination treatments in cells, WT or C580A rDAT-LLCPK 1 cells were treated with vehicle or 15 M 2BP for 18 h followed by vehicle or 1 M 2PMA for the final 30 min prior to transport assay (Fig. 10B) . For WT DAT, transport activity was reduced to 70 Ϯ 4% of control by PMA 
DISCUSSION
In this study, we demonstrate that DAT undergoes thioacylation with palmitic acid and show that this modification exerts multiple layers of control over the protein via impacts on transport capacity, degradation, and PKC-dependent regulation. Our findings reveal a distinction between 2BP-induced events that occur rapidly and/or at lower concentrations from those that occur only after longer and/or higher dose treatments. With respect to rapid regulation of DAT by palmitoylation, we found in synaptosomes that DAT displayed [ 3 H]palmitate labeling within 90 min and that 2BP inhibited palmitoylation by ϳ40% within 45 min, demonstrating that palmitate turnover is rapid and capable of functioning as a mechanism for acute transporter regulation. Lower dose/ shorter duration 2BP treatments led to strongly reduced DA transport V max with little to no loss of DAT protein, and this effect occurred in the absence of endocytosis, indicating that in the short term, reduction of palmitoylation decreases transport kinetic efficiency. With respect to longer term regulation of DAT by palmitoylation, we found that higher dose/ longer duration 2BP treatments in both synaptosomes and cells caused DAT protein losses and that these treatments and C580A mutation resulted in production of DAT degradation fragments, supporting an additional role for palmitoylation in opposing DAT turnover. It is noteworthy that in previous studies on DAT degradation, transporter losses were obtained only in the presence of cycloheximide plus PMA (13, 16, 18) . Thus, the DAT losses and degradation fragments produced in this study in the absence of protein synthesis inhibitors or PKC activation strongly support palmitoylation as a major force opposing DAT turnover. We also found that down-regulation of transport induced by PMA and 2BP in both synaptosomes and cells was additive, indicating that PMA and 2BP effects on transport occur by independent mechanisms and that C580A DAT displayed increased PMA-stimulated downregulation compared with WT DAT, indicating that palmitoylation of DAT opposes PMA-induced transport downregulation. Thus, conditions that modify DAT palmitoylation could impact transporter responsiveness to regulatory signals by opposing or enhancing PKC-mediated effects. Together these findings indicate that palmitoylation of DAT functions to promote DA transport capacity in the short term through increased transport kinetics and opposition to PKC-induced down-regulation and in the longer term through suppression of DAT degradation. Conditions that affect DAT palmitoylation could thus have a significant short and long term impact on DA neurotransmission and potentially be related to dopaminergic disorders.
Surprisingly, in these studies we found that induction of transport down-regulation by PMA was also retained in the absence of DAT endocytosis. PMA-induced internalization of DAT has been demonstrated many times in heterologous cell lines (12, 13, 16, 18, 21) and in synaptosomes (43) , and it has generally been considered to represent the mechanism of DA transport down-regulation. In our study, the synaptosomes were maintained in high sucrose buffer during the 2BP and PMA pretreatments to extend their viability. As high sucrose blocks endocytosis, our findings demonstrate that downregulation of DAT by PKC in synaptosomes is achieved independently of internalization. We previously identified a nonendocytotic component to PKC-induced DA transport down-regulation in LLCPK 1 cells associated with cholesterolrich microdomains (21) , and trafficking independent regulation of DAT by amphetamine has also been reported (44) , further supporting kinetic mechanisms in regulation of transport.
A major difference we found for DAT palmitoylation characteristics in synaptosomes and heterologous cells was that V max was acutely reduced by 2BP in synaptosomes, but it was not changed in the C580A mutant or in expressed DATs given 2BP treatment when activity was normalized for DAT levels. Further work will be necessary to identify the source of these differences, but we speculate that the retention of palmitoylation on the unidentified site of C580A DAT suffices to support some palmitoylation-dependent functions that are affected by 2BP in synaptosomes. It is also possible that LL-CPK 1 cells and neurons possess different DAT palmitoylation enzymes with different 2BP sensitivities or possess different membrane lipid/protein environments that differentially impact palmitoylation-dependent functions. We also typically found in cells that 2BP induced greater losses of DAT protein relative to losses of transport activity. This could occur if internal DAT pools are lost to a greater extent than surface pools, although this remains to be tested. With respect to other characteristics of C580A DATs, we found that the protein undergoes full maturation and shows steady-state surface levels comparable with the WT form, demonstrating that palmitoylation of Cys-580 is not required for DAT biosynthesis or surface targeting. However, at present, we cannot exclude the possibility that palmitoylation remaining on C580A DAT suffices to support these or other functions, and full determination of palmitoylation effects on DAT biosynthesis, maturation, and other properties will require identification of the additional site(s).
Our results strongly support Cys-580 at the intracellular end of TM12 as a major palmitoylation site on rDAT. The analogous Cys residue is conserved in human and mouse DAT (45) (46) (47) , indicating the potential for the site to be modified in all isoforms. Usage of this site is consistent with the commonly seen palmitoylation pattern for multiple pass membrane proteins at the intracellular membrane boundary of the most C-terminal transmembrane domain (48) . Molecular modeling of DAT suggests that TM12 consists of residues 556 -585 that form a lengthy continuous ␣-helix that extends intracellularly past the lipid bilayer, with Cys-580 found several residues from the end of the helix near the membranecytoplasm interface (see Fig. 6A ) (49) . Thus, although palmitoylation of some proteins such as G-protein-coupled receptors and ion channels occurs many residues downstream of the membrane-cytoplasm interface and allows for stabilization of cytoplasmic loops (50) , the presence of Cys-580 within a helix and close to the membrane-cytoplasm transition indicates that this may not be the case for DAT.
How Cys-580 palmitoylation impacts TM12 structure and DAT function are not known. Based on homology to the bacterial LeuT leucine transporter, DAT TM12 is predicted to be positioned outside the active transport core generated by TM1-10 and play no direct role in substrate permeation (49, 51) . This is consistent with the lack of kinetic effects found for the C580A mutant, and it may indicate that the reduced transport V max seen in 2BP-treated synaptosomes is mediated via the currently unknown palmitoylation site(s), whereas degradation effects are more clearly associated with Cys-580. Identification of the additional palmitoylation site(s) will be necessary to test these ideas, but differential functional effects mediated by distinct palmitoylation sites have been found for other proteins (52) . Other possibilities for function of Cys-580 palmitoylation include impacts on DAT oligomerization (53), as TM12 of LeuT forms a dimer interface, and palmitoylation has been suggested to stabilize protein dimeric interactions (54, 55) or targeting of DAT to membrane rafts (20, 21) .
With respect to regulation of DAT degradation by palmitoylation, the mechanism is also unclear. In cell systems, DAT undergoes degradation in lysosomes following PKC-induced internalization (13, 18) , and several N-and C-terminal motifs of DAT have been linked to endocytotic trafficking and/or degradation. At the C terminus, these include a binding site for the scaffolding protein Hic5 at hDAT residues 571-580 adjacent to the potential hDAT palmitoylation site (56), Cterminal residues 587-596 that impact constitutive and PKCdependent trafficking (8, 19, 57) , and a distal C-terminal binding site for PICK1 that impacts transport surface targeting (58, 59) . N-terminal mechanisms related to trafficking and degradation include ubiquitylation of N-terminal domain lysines necessary for PKC-induced endocytosis and degradation (18) and suppression of constitutive endocytosis by membrane-proximal residues (60) . Whether the regulation of DAT entry into lysosomes by reduced palmitoylation is related to any of these mechanisms is not known.
S-Palmitoylation is becoming increasingly recognized as an important regulator of neuronal protein function (24) , and the results presented in this study are the first to demonstrate palmitoylation of DAT or any other member of the SLC6 family of Na ϩ -Cl Ϫ dependent transporters for neurotransmitters and solutes. Many PAT and PPT enzymes are highly expressed in neurons and reversibly regulate the palmitoylation level of numerous proteins involved in neurotransmission and synaptic plasticity (24, (61) (62) (63) (64) (65) . Twenty three mammalian PATs have been identified (63) , but little is currently known regarding mutations or regulatory abnormalities associated with disease states. Protein depalmitoylation is catalyzed by two PPT enzymes associated with lysosomes (66) and the cytoplasmic protein acyl-protein thioesterase (65) . Many PPT mutations result in loss of substrate depalmitoylation necessary for lysosomal degradation (67, 68) , leading to lysosomal storage diseases associated with neuronal dysfunction and death (69) . Our results suggest that such mutations or dysregulation of DAT palmitoylation/depalmitoylation enzymes could profoundly affect short or long term function of DAT. As dopaminergic diseases such as Parkinson disease, schizophrenia, attention deficit hyperactive disorder, and drug abuse may result from inappropriate levels of DAT or DA clearance capacity, this suggests the potential for abnormal palmitoylation to be related to these disorders by impacting dopaminergic neurotransmission in both acute and chronic manners.
